A water-soluble supramolecular complex that mimics the heme/copper hetero-binuclear site of cytochrome c oxidase † ‡ 
Introduction
Cytochrome c oxidase (CcO) is the terminal enzyme in the mitochondrial respiratory chain. CcO consumes most of the molecular oxygen (O 2 ) processed by living organisms by reducing it to water (H 2 O). 1 The four-electron/four-proton reduction process (O 2 + 4e À + 4H + / 2H 2 O) takes place at the heme a 3 /Cu B hetero-binuclear active centre of CcO (Fig. 1a ).
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For the catalytic O 2 reduction reaction, the reaction mechanism schematically depicted in Fig. 1b has been proposed. [1] [2] [3] In the catalytic cycle, the fully reduced heme a 3 /Cu B site (Fe II /Cu I , compound R) reacts with O 2 to form an oxymyoglobin-like superoxo complex of heme a 3 (Fe III -O 2 À /Cu I , compound A).
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Compound A is rapidly ($0.5 ms) converted to an oxoferryl intermediate (
cleavage assisted by H atom injection from a vicinal tyrosine residue. [3] [4] [5] [6] Mechanistic investigations have suggested that one or more water molecules near the bound O 2 can facilitate the conversion of compound A to compound P.
7,8
To understand the reaction mechanism, synthetic heme/ copper models have been constructed using tetraarylporphinatoiron(II) ( [9] [10] [11] [12] In native CcO, the m-peroxo-type bridged structure has not been experimentally identied, although it has been proposed as a transitional precursor of compound P. 3, 12, 13 The structural differences between the native and model systems (superoxo vs. m-peroxo) 14 might be attributed to the inuence of water. L n model compound would be useful to investigate the role of water on the reactivity of the Fe/Cu hetero-binuclear complex with O 2 . However, very few heme/copper mimics functioning under aqueous conditions have been prepared so far, except for the system constructed in the engineered heme pocket of myoglobin. 17, 18 In this study, we describe an aqueous synthetic PFe/CuL 3 hetero-binuclear model system built on a porphyrin/ cyclodextrin supramolecular complex (Scheme 1). This system takes advantage of the very stable formation of a selfassembling 1 : 2 complex of 5,10,15,20-tetrakis(4-sulfonatophenyl)porphinatoiron (FeTPPS) with per-O-methylated b-cyclodextrins (CDs). 19 We have previously studied the porphyrin/cyclodextrin complexes as simple biomimetic models of heme proteins that function under aqueous conditions, [20] [21] [22] [23] where the molecular cage of per-O-methylated b-CDs provided a microscopic hydrophobic environment for FeTPPS similar to the heme pocket of heme proteins. 24 
. 20 The addition of CuSO 4 $5H 2 O to TerpyCD 2 in an aqueous solution generated two absorption bands at 336 and 350 nm (Fig. 2a) , which corresponded to the ligand to metal charge transfer bands of the terpyridyl-Cu II 1 : 1 complex. 25 In the UV-vis titration, a biphasic spectral change was observed (Fig. 2a inset) The assignments were conrmed by isotope pattern simulations (Fig. 3b inset) . Evidence of the m-oxo (Fe III -O-Cu II ) structure was also provided by its characteristic absorption bands at 453 and 567 nm, which appeared when the pH of the solution was increased (Fig. S3 ‡) (Fig. S4 ‡) because of the antiferromagnetic coupling between the two metal ions as a result of their close proximity. The optimized molecular structure (Fig. 4) (Fig. 6) , which is the same coordination mode as in compound A of native CcO.
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The superoxo PFe III -O 2 À /Cu I CD 2 complex was gradually converted to another state when the solution was allowed to stand at pH 7 and 25 C under aerobic conditions (Fig. 7) . The absorption spectra showed several isosbestic points and the nal spectrum (shown as a green line in Fig. 7 (Fig. S4 ‡) . The rst-order rate constants (k obs ) for the conversion were determined from the absorbance change at various pH conditions. Interestingly, the superoxo complex was more rapidly converted at lower pH (Fig. 7 inset) . The linear pH/ log k obs dependency at pH 7-10 (slope ¼ À0.11) suggests that the conversion is partially accelerated by a proton-coupled process. 39 Collman et al. have reported that the rate of the O 2 reduction catalysed by their PFe/CuL n model complex is pHdependent and increases at lower pH. 40 We have previously reported that the autoxidation rate of the O 2 complex in the PFe II / CD dimer system without any distal functions is independent of pH in the neutral pH region (7-10), whereas it is accelerated at Fig. 5 UV- pH below 6 and above 10.
24 Therefore, the pH-rate dependency at the neutral pH region suggests that the water molecules gathered at the distal Cu site promote the conversion of the PFe likely to occur. In addition, molecular modelling suggests that a water molecule bound to the distal copper ion can induce protonation of the superoxo complex (Fig. 8a) , where the methoxy groups of the CD dimer are suitable to provide two hydrogen bonding sites to the water. The pH-dependent decomposition of the superoxo complex, as shown in Fig. 7 , might be explained by the acid-base equilibrium of the water molecule (Fig. 8b) , where the proton-donation to the superoxo complex is likely to induce the O-O bond cleavage as proposed in CcO 8 and/or the proton-assisted autoxidation reaction similar to myoglobin.
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The O 2 binding in the present complex was practically irreversible; the O 2 complex of Fe II TPPS/Cu I TerpyCD 2 was never converted to its Fe II /Cu I deoxy complex, even when the O 2 complex once formed was dissolved in a deoxygenated buffer (Fig. S5 ‡) . In contrast, the deoxy complex was observed in the 14 The tight O 2 binding was also conrmed by observing ligand exchange with CO. The ligand exchange occurred slowly over $30 min when the Fe/Cu superoxo complex was dissolved in a CO saturated buffer (Fig. S5 ‡) , whereas it occurred instantaneously in the absence of distal Cu complex or in the absence of O 2 (Fig. S5 ‡) on the disk electrode (Fig. S6 ‡) complexes at various rotation rates were analysed using the Koutecky-Levich equation to determine the average number of electrons (n) used in the O 2 reduction (Fig. 9d) . 48 A signicant increase in the n value was observed for the Fe/Cu heterobinuclear complex (n ¼ 3.03 AE 0.01) compared to the control sample without copper (n ¼ 1.63 AE 0.03).
49 Therefore, we conclude that the terpyridyl Cu complex associated with FeTPPS in our model system facilitates the catalytic O 2 reduction as an electron source, as proposed in the mechanism of native CcO 3 and as proven using the synthetic model systems.
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Conclusions
In conclusion, we have synthesized a water-soluble biomimetic model complex for the heme a 3 /Cu B hetero-binuclear active centre of CcO by utilizing a supramolecular complexation, and characterised its reactivity with O 2 . To the best of our knowledge, this is the rst example of a totally synthetic CcO model that works in a completely aqueous solution. In common with compound A of native CcO 2 complex suggested the involvement of water molecules in the formation of the superoxo complex in aqueous solution. We believe that our aqueous model system will help to clarify the long-standing arguments with regard to the native and synthetic model systems in CcO chemistry.
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